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Nearly every enzyme undergoes a significant change
in structure after binding it’s substrate. Experimental
and theoretical analyses of the role of changes in HIV
reverse transcriptase structure in selecting a correct
substrate are presented. Atomically detailed simula-
tions using theMilestoningmethod predict a rate and
free energy profile of the conformational change
commensurate with experimental data. A large con-
formational change occurring on a millisecond time-
scale locks the correct nucleotide at the active site
but promotes release of a mismatched nucleotide.
The positions along the reaction coordinate that
decide the yield of the reaction are not determined
by the chemical step. Rather, the initial steps of
weak substrate binding and protein conformational
transition significantly enrich the yield of a reaction
with a correct substrate, whereas the same steps
diminish the reaction probability of an incorrect
substrate.
INTRODUCTION
Nearly every important biological reaction begins with the
binding of a substrate (or effector molecule) to a protein or nu-
cleic acid, and the biological response (catalysis or signaling) is
effected by a change in structure. However, little is known about
the precise molecular pathway by which substrates induce
changes in protein structure and its connection to thermody-
namics and kinetics of the reaction. In particular, the role of
protein conformational dynamics in enzyme specificity and
efficiency has held the fascination of enzymologists since the
original discussion of ‘‘lock and key’’ versus ‘‘induced-fit’’ mech-
anisms (Koshland, 1959a, 1959b), and more recent debates
have asked whether the changes in structure precede or follow
substrate binding (Changeux and Edelstein, 2011). In this
discussion, it is important to keep in mind that specificity is a
kinetic property of an enzyme that is defined by the rates of reac-
tions involving substrate binding and catalysis, and the molec-
ular basis for specificity is not revealed simply by inspection of618 Structure 20, 618–627, April 4, 2012 ª2012 Elsevier Ltd All rightsthe static structures and cannot be addressed by equilibrium
measurements alone. Here, we address the role of conforma-
tional changes in enzyme specificity by a combination of tran-
sient kinetic measurements and molecular dynamics (MD)
simulations.
DNA polymerases represent an ideal model system to explore
enzyme specificity (tendency to bind and incorporate a correct
versus incorrect substrate) because the reactions are catalyzed
with high fidelity, and the alternative substrates, in the form of
mismatched base pairs, are well known. Recent work has shown
that the specificity constant, (kcat/Km) governing the reaction of
a correct base pair is governed by the rate of the substrate-
induced conformational change (Kellinger and Johnson, 2010,
2011; Tsai and Johnson, 2006), as shown in Scheme 1. The
binding of nucleotide (N) to an enzyme-DNA complex (EDn,
with DNA n nucleotides long) occurs in two steps. An initial
weak, rapid-equilibrium binding is followed by a fast isomeriza-
tion from the open (EDnN) to the closed state (FDnN), which is
then followed by a slower chemical reaction (k3).
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(Scheme 1)
Because the reverse of the conformational change (k2) is
much slower than chemistry (k3) for the correct substrate, the
specificity constant is reduced to kcat/Km = K1k2, and Km = k3/
K1k2 (where K1 = k1/k-1). Thus, the specificity constant is deter-
mined by the affinity of the substrate in the initial weakly bound
nucleotide (K1) and the rate of a large, millisecond time scale
conformational change (k2). Accordingly, the specificity constant
for the correct substrate is determined by the most ephemeral of
enzyme states, the initial weak enzyme-substrate binding, and
the intricate series of events that determine the forward rate of
the large change in enzyme structure, both of which are difficult
if not impossible to observe experimentally. In contrast, in the
binding of mismatched nucleotides, the kinetics of the confor-
mational change are difficult to resolve because most of the
signal is lost in the dead time (Tsai and Johnson, 2006), but
chemistry is slow so that the binding steps come to equilibrium.
A crystal structure with amismatched nucleotide bound to a high
fidelity enzyme is not available, so important data to define the
molecular basis for specificity are lacking. These observations
raise several important questions. What is the mechanism byreserved
Figure 1. Model of p66 Subunit of HIV-RT
A model of the p66 subunit of HIV-reverse transcriptase
enzyme shown in open (gray) and closed (blue) confor-
mations. The second subunit P51 is not shown for clarity
(although it was included in all simulations). Incoming
dNTP substate (purple-orange) and two catalytic Mg2+
ions (yellow) are shown together with the template DNA
strand (forest green) and DNA primar strand (palecyan).
Models are built based on PDB 1RTD (Huang et al., 1998)
and PDB 1J50 (Sarafianos et al., 1999). The molecular
images were prepared with the program PyMol Molecular
Graphics, Version 1.3 (Schro¨dinger, LLC).
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tional change? How does the enzyme distinguish a correct base
pair from a mismatch during these transient states? How does
the weakly bound nucleotide trigger such different changes in
enzyme structure to favor incorporation of a correct substrate
but dissociation of a mismatch? Does weak nucleotide binding
allosterically induce a rapid closing of the active site, or does
the enzyme simply utilize substrate binding energy to fold around
a weakly bound substrate? In either case, what determines the
rate of the conformational change?
Molecular dynamics simulations hold the promise to address
these questions by providing an atomically detailed description
of the process and defining the driving force triggering the rapid
closing of the enzyme following the initial weak substrate
binding. The large spatial and temporal scales present a compu-
tational challenge. Therefore, conformational transitions occur-
ring on the millisecond timescale have been studied infrequently
(Elber, 2011). We present the results of single turnover pre-
steady state kinetic experiments and MD simulations with
Milestoning to explore the nucleotide-induced changes in the
structure of HIV reverse transcriptase responsible for selecting
the correct nucleotide and discriminating against a mismatch
(Kellinger and Johnson, 2010, 2011). Milestoning has been
developed and used by us (Elber and West, 2010; Faradjian
and Elber, 2004; Kirmizialtin and Elber, 2011; Ma´jek and Elber,
2010; West et al., 2007) and by several other laboratories
(Hawk and Makarov, 2011; Ovchinnikov et al., 2011; Schu¨tte
et al., 2011; Vanden-Eijnden et al., 2008).
The main findings of the article are as follows. (1) The speci-
ficity of DNA polymerase and its ability to bind correct substrate
has a significant contribution from the conformational transition
of the protein. (2) This observation relies on the synergy between
experimental studies and computer simulations, both address-
ing millisecond conformational transitions. (3) The Milestoning
method enhances the scope of molecular simulations to allow
detailed investigations of millisecond biophysical processes.
Atomically detailed rate calculations and free energy profiles
for substrate binding are provided.Structure 20, 618–627, April 4RESULTS
The endpoints of the conformational change we
investigated are shown in Figure 1, illustrating
the global changes in structure occurring in
the enzyme-DNA complex from the open
(gray) to closed (blue) states. The largestmotions are in the specificity domain, often referred to as the
‘‘fingers’’ domain in the analogy of polymerase structure to a
right-hand, in which several positively charged amino acids
come into contact with the triphosphate portion of the incoming
deoxynucleoside triphosphate (dNTP) to facilitate catalysis. The
kinetics and thermodynamics of the transition are the subjects of
experiments and computer simulations described below.
Experimental Data
The time course of the conformational change was monitored by
stopped-flow fluorescence methods as described (Kellinger and
Johnson, 2010), but using dideoxy-terminated DNA to prevent
the chemical reaction (Figure 2A). In addition, we performed an
equilibrium titration to measure the net binding constant to
provide additional constraints during data fitting to define the
reverse rate constants (Figure 2B). Global fitting of the data in
Figures 2A and 2B provides estimates for 1/K1 = 200 mM, k2 =
2500 s1 and k-2 = 4 s
1 (Scheme 1), as summarized in Table 1.
To our knowledge, this is the first instance in which kinetic and
equilibrium data were fit simultaneously based upon numerical
integration of rate equations with no simplifying assumptions.
The results demonstrate that the reverse of the conformational
transition is significantly slower than the chemical reaction
(34 s1) (Kellinger and Johnson, 2011), and therefore, the spec-
ificity constant is defined by the term K1k2 as described previ-
ously (Kellinger and Johnson, 2010; Tsai and Johnson, 2006).
The kinetics of mismatch deoxyadenosine triphosphate
[dATP] binding were complex, and most of the signal was too
fast to measure within the 1 ms dead time of the instrument. As
shown in Figures 2C and 2D, global fitting of the kinetic and equi-
libriumdata supported the identification of a rapid change in fluo-
rescence within the dead time of the instrument. According to
Scheme 1, the observed rate of the fast transient will be given by
kobs =
K1k2½N
K1½N+ 1+ k2;
where [N] is the nucleotide concentration (Johnson, 1992).Thus, the failure to observe a transient at lower nucleotide, 2012 ª2012 Elsevier Ltd All rights reserved 619
Figure 2. Kinetics of Binding of TTP and
dATP to the Enzyme-DNA Complex
(A) Stopped-flow fluorescence transient observed
after mixing TTP (final concentrations: 5, 25, 50,
75, and 250 mM, in order from red to purple) with
0.1 mM enzyme-DNA complex.
(B) Equilibrium titration recording while adding
increasing concentrations of TTP to a solution
containing 0.1 mM enzyme-DNA complex.
(C) Stopped-flow fluorescence transient observed
after mixing dATP (final concentrations: 500, 750,
1500, 2000, 2500, 3000, and 5000 mM, giving
lower to upper traces in sequence) with 0.1 mM
enzyme-DNA complex.
(D) Equilibrium titration recorded while adding
increasing concentrations of dATP to a solution
containing 0.1 mM enzyme-DNA complex. In each
case the enzyme-DNA complex consisted of HIV
RT labeled with MDCC, in stoichiometric complex
with the DNA oligonucleotide described in the text.
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reaction, k-2 so that the net rate, kobs, will be too fast to measure
at all concentrations. The loss of signal amplitude in the 1 ms
dead time of the instrument was sufficient to place lower limits
on the rate constants (k2 and k-2) based on global fitting of the
data and confidence contour analysis (Johnson et al., 2009a)
that set lower limits of k2 > 500 s
1 and k-2 > 1200 s
1.
One should also note that in binding the mismatch, we also
observed slower, small amplitude changes in fluorescence
occurring on a time scale of a few hundredmilliseconds. In fitting
these data globally, we included two additional isomerization
steps after the large, fast change in signal. Because of the small
amplitude of the slow reactions, we assign these observed signalTable 1. Comparison of Experimental and Theoretical Rate
Constants
TTP dATP
Source k2 k2 k2 k2
Experiment 2500 ± 500 4 ± 1 >500 >1200
Theory 2500 –20000 40 200-400 4000
Rate constants are given in s1. Experimental and theoretical values were
estimated for step 2 of Scheme 1. For a template dA base, the rate of the
chemical reaction for incorporation of TTP (34 s1) is much faster than the
reverse of the conformational transition k2, but much slower for the mis-
matched dATP (0.4 s1) (Kati et al., 1992; Kellinger and Johnson, 2010).
Theoretical values were computed as the reciprocal of the elapsed time
for first reaching the open or the closed state. In estimating rates from
the MD simulation, the largest uncertainty is in the value of k2. These
points along the reaction coordinate are uncertain because we did not
consider the chemical step. The values reported here resulted from
a range of possible final states (#75 to #85 on the reaction coordinate,
Figure 3). States ranging from #75 to #85 were chosen as the endpoint
because they exhibit a narrow distribution of positions of catalytic resi-
dues that may be sufficient to lead into the chemical reaction.
620 Structure 20, 618–627, April 4, 2012 ª2012 Elsevier Ltd All rights reservedchanges to smaller rearrangements in
protein structure occurring after the large
conformational change. These data, like
those observed in studying a high-fidelitypolymerase, suggest multiple states of the boundmismatch with
equilibrium constants favoring release of the nucleotide (Tsai and
Johnson, 2006).
Whereas a correct nucleotide induces a fast and thermody-
namically favorable change in enzyme structure leading to align-
ment of catalytic residues to promote catalysis, a mismatched
nucleotide induces a fast but thermodynamically unfavorable
change in structure, and the rate of incorporation is slow. These
data pose questions that are difficult to address experimentally
regarding the molecular details of specificity as outlined above.
We turn to MD simulations to address these questions.
MD Simulations
We investigated the mechanism of nucleotide selectivity and
protein conformational transitions using themethod of directional
Milestoning (Kirmizialtin and Elber, 2011; Ma´jek and Elber, 2010).
Theentire117kDaproteinwithduplexDNAandnucleotidewere
included in the simulation with explicit water and ions, giving
a total of 135,000 atoms, and requiring in excess of 0.5 million
core-hours of computation time to complete the study.We began
by placing the deoxythymidine triphosphate (TTP) in the active
site of the open enzyme structure and minimizing the energy.
The reaction coordinate is defined as a minimum free energy
path determined by the string method (Vanden-Eijnden and Ven-
turoli, 2009) and includes 85 imagesbetween theopenandclosed
forms of HIV RT (Protein Data Bank [PDB] structures [Berman
et al., 2000] 1J50 [Sarafianos et al., 1999] and 1RTD [Huang
et al., 1998], respectively). Atomically-detailed simulations using
the Milestoning approach (Elber and West, 2010; Faradjian and
Elber, 2004; Kirmizialtin and Elber, 2011; Ma´jek and Elber, 2010;
West et al., 2007) determine the kinetics and thermodynamics
of the transition from the EDN to the FDN state (Scheme 1).
Figure 3 shows the ‘‘free energy’’ profile for the conformational
change for a correct base pair (red, TTP opposite dA in the
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Figure 3. Free Energy and Mean First Passage Time for the Binding
of Nucleotides to HIV-RT
The red circles follow the structural transition from open (reaction coordinate
number 1) to closed (85) state upon the binding of correct substrate (dA: TTP).
The blue squares follow the transition when the substrate is the mismatch
(dA:dATP). The inset shows the accumulated time during these conformational
changes in both directions of motion: left inset is the transition from open to
close and the right inset from close to open. Free energy and elapsed times
are estimated by Milestoning, launching about 300 trajectories from each
hypersurface along the reaction coordinate. From the trajectories, we record
the probability of reaching nearby surfaces and local first passage times.
See the main text and prior publications (Elber and West, 2010; Kirmizialtin
and Elber, 2011; Ma´jek and Elber, 2010; West et al., 2007) for detailed
explanation. Statistical errors are estimated by repeating the calculation with
half of the data.
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DNA Polymerase Dynamics Select Correct Substratestemplate) and for a mismatch (blue, dATP opposite dA). We use
the term ‘‘transition state’’ to describe the enzyme state at the
peak in the free energy profile, which is followed by a rapid
collapse to the closed state (FDnN). The insets in Figure 3
show the average time < t > for reaching a milestone for the first
time along the reaction coordinate. The inverse of the time
provides an estimate of the rate constant. The simulations accu-
rately reproduce the experimental data as summarized in Table
1. Experimental determination of the rate of the conformational
change using stopped-flow fluorescence methods provided
a rate estimate of 2500 s1, while the MD simulation indicated
a relaxation time of approximately 40–500 ms (rate = 2,500-
20,000 s1), calculated as the time required to reach the final
closed state shown in Figure 3. The larger margin of error in esti-
mating the rate of the conformational change arises from uncer-
tainty in defining the final closed state, because we have not yet
considered the chemical step in our calculations. Nonetheless,
the agreement between the experimental and theoretical rates
is quite good and is within the uncertainties of the two methods.
The rate constant for the reverse of the conformational change,
which limits the rate of nucleotide release, was estimated from
the MD simulation to be approximately 40 s1 for the correct
base pair, which compares favorably with our measurements
of nucleotide release rate of 4 s1 for dissociation of TTP
from the ternary E-DNA-TTP complex.
We also used Milestoning to examine the dynamics of the
conformational change for a mismatched base pair by repeatingStructure 20the calculation with dATP in place of TTP. Comparing the binding
affinity of different nucleotides is of significant interest but
was not pursued in the present investigation; this is a topic of
future work. Experimentally, we are unable to measure the equi-
librium constant for the initial weak binding of a mismatch
because of the loss of signal described above. Therefore, we
overlaid the ‘‘free energy’’ profile for mismatched nucleotide
binding to be approximately equal in the open state to the profile
of a correct base pair in order to compare the free energies of
the conformational change conditioned on the weak binding.
The conformational change after binding the mismatch was
fast but thermodynamically less favorable than formation of the
closed state with the correct base pair. The MD simulation
suggests that the enzyme closes at 200–400 s1 and opens at
a rate of 4000 s1. The fast opening rate makes measurement
of the kinetics difficult experimentally and explains the experi-
mental observations for the binding of a mismatched base as
described in Figure 2C. Thus, the MD simulations show that
enzyme specificity is based upon the induced fit. A correct
substrate is recognized and favors a fast enzyme closure leading
to tight binding and catalysis, whereas an incorrect substrate is
maintained in a disordered, higher free energy state to disfavor
catalysis and promote rapid release. The free energy profile (Fig-
ure 3) illustrates important differences between the binding of
a match and a mismatch. The early step of protein conforma-
tional transition enriches the yield of the reaction for a match
because the free energy change going forward is favorable
and the backward barrier significant. This enhances the proba-
bility of nucleotide incorporation for a match. The same confor-
mational transition is unfavorable for a mismatch and reduced
its reaction yield. Estimates from the simulations put the enrich-
ment factor due to the conformational transition of the protein at
about 5,000.
We turn our attention to molecular details of the conforma-
tional change. In Figure 4, we follow global changes of the
structure as a function of time. Starting from the open state,
we plot time windows of the backbone root mean square differ-
ence (RMSD) with respect to the initial structure for all residues in
the catalytic subunit (1 to 560). Time windows are averages over
Milestones’ stationary ensembles in the indicated temporal
intervals, varying from sub-nanoseconds to hundreds of micro-
seconds. The progress of the conformational transition is not
homogeneous. Some sites initiate motions toward the final state
early in the reaction (e.g., residue 65 shows initial displacement
after 700 ps), and others occur significantly later (e.g., residue
250 deviates significantly from the starting point only after
37.3 ms). Most of the large motions occur in flexible loop
domains, while b strands (shown in gray stripes) and a helices
(in yellow) are more restrained. Domains are colored differently
for clarity and are described using the analogy to a right hand.
The specificity (fingers) domain (red lines) undergoes the largest
conformational change, which is followed by the thumbs and
palms domains (orange and green, respectively). The connection
(cyan) and Rnase H (blue) domains stay almost rigid and act as
hinge domains between the subunits of P66 and P51. Some
displacements overshoot at intermediate times and then decay
to the values observed at the final state (see, for instance,
residue 175). Note also thatmotions at the position of the fluores-
cent label used to monitor the kinetics of the conformational, 618–627, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 621
Figure 4. Average Root Mean Square Deviation of Alpha-Carbons with Respect to the Open Conformation as a Function of Residue Number
and Elapsed Time
The black line presents the difference between the crystal open and closed states. The gray and yellow stripes show the beta-sheet and alpha helices. The white
spaces in between are the loop structures. Only p66 subunit is shown for clarity with line colors representing different subdomains: red, fingers; orange, thumb;
green, palm; cyan, connection; and blue, RNaseH, respectively. This calculation predicts a wide range of temporal scales for a concrete sequence of events. See
for example the rapid rise of changes near residue number 65 and the much slower rise near residue 137.
Structure
DNA Polymerase Dynamics Select Correct Substrateschange (attached to residue 36) track the change in structure
from the open to the closed state monotonically.
In addition to global changes in structure, the MD simulations
revealed details of the state of the bound nucleotide (Figure 5).
The correct dNTP is well localized in the open state and forms
a canonical, hydrogen bonded base pair with the template dA,
while some motion is evident as illustrated by the two represen-
tative states shown. As the enzyme proceeds to the closed state,
the TTP motion is more restricted and the a-phosphate moves
closer to the 30OH of the primer. In contrast, the mismatch
(dATP) is mobile in the open state and is held at the active site
via interactions with the triphosphate portion without formation
of hydrogen bonds to the template dA or base stacking interac-
tions with the primer. As the enzyme proceeds to the closed
state, the motion of the dATP becomes more restricted, but
the adenine still fails to form hydrogen bonds with the template
dA and does not form stacking interactions with the 30-terminal
base.
Figure 6 summarizes the time dependence of some of the
largest motions of residues in the fingers domain. The left-
most panel shows the motions of four charged amino acid side622 Structure 20, 618–627, April 4, 2012 ª2012 Elsevier Ltd All rightschains, with the lighter colors showing the open state and the
corresponding darker colors showing the closed state. For
example, K66 (light yellow) moves approximately 20 A˚ to form
a hydrogen bond with the DNA backbone in the closed state
(dark yellow). The two panels on the right show the probability
distribution for distances as a function of time in the order of
red-orange-yellow-green-blue according to the reaction coordi-
nate for both TTP (correct base pair) and dATP (mismatch). In
each case, the green histogram represents the distribution of
distances in the transition state, defined as the peak in the free
energy profile (Figure 3). For example, with TTP bound to the
active site, the distance between the NH3
+ of K66 and the non-
bridging oxygen atoms of the DNA starts with a broad distribu-
tion at a distance of 20 A˚ and proceeds to a 3 A˚ –6 A˚ distance
with a much tighter distribution of states. The amine of K70
first moves away from the b phosphate and then moves closer.
Arginine 72 moves close to the a-phosphate of the TTP rapidly
in forming the transition state and then closes in to about 3 A˚ in
the closed state. The interactions between D67 and K219 form
more slowly and remain with a broad distribution of distances
in the closed state. This analysis provides an approximatereserved
Figure 5. Predicted Structure of the Bound Mismatch
The enzyme is shown in gray in the open state and blue when closed.
Depending on the type of incoming dNTP, the range of motion and binding
mode changes.
(Top) The correct substrate is shown binding to the template base with
hydogen bonding pattern. Two configurations of the nucleotide with different
colors (pink and burgundy) are two snapshots from the simulation representing
the maximum variation.
(Bottom) This shows mismatch dATP, with no hydrogen bonding to the
template in the closed state and a larger volume of sampling in the open state.
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DNA Polymerase Dynamics Select Correct Substratesordering of the motions. The R72:a-phosphate interaction leads
the way with subsequent motions to bring together D67:K219,
which then brings K67 toward the DNA, and finally K70 interacts
with the b-phosphate. This sequence of events allows the protein
to respond to a correct base pair to facilitate catalysis.
Motions observed along the same reaction coordinate with the
mismatch (dATP) are quite different. The final closed state (blue)
retains a broad distribution of distances for each of the pairs
such that the closed conformation is destabilized. Moreover,
the nucleotide becomes delocalized, which would have the net
effect of slowing the rate of catalysis.
The predicted structure of the transition state may provide the
key to understanding the discrimination of correct versus incor-
rect substrates because it is the rate of the conformational
change that, along with the affinity of the nucleotide to the
open state, determines the specificity constant for the correct
base incorporation. As illustrated in Figures 6 and 7, charged
residues are approximately 10 A˚ of their final position in the tran-
sition state. Thus, it is likely that long-range electrostatic interac-
tions drive the rapid collapse of the transition state to the final
closed state, where other interactions, such as hydrogen bonds,
can then contribute to the net stability and specificity.
At this time, we have not computed the rate and free energy of
the initial weak binding between HIV RT and the nucleotide or
simulated the chemical reaction, but we have focused on theStructure 20substrate-induced conformational transition. Prasad and War-
shel (2011) performed theoretical studies of DNA polymerases
but the focus was on the chemical step and on a different
enzyme. Experimental evidence has shown that the weak
binding and the rate of the conformational transition from open
to close state, and not the chemical reaction, is the key determi-
nant of enzyme fidelity in the present system. Therefore, we have
focused our current simulations on an effort to understand this
complex process. Schlick and coworkers (Radhakrishnan and
Schlick, 2004, 2005) have examined the dynamics of structural
changes in several DNA repair enzymes. They researched the
problem with a multitude of methods including targeted
dynamics, umbrella sampling, transition path sampling, and
transition state theory. The identification of themetastable states
along the reaction is based on targeted dynamics that led to five
transition states between the open and closed states. This is in
contrast to one transition state, determined from a minimum
free energy path, in the present study. To our knowledge there
is no experimental evidence favoring the more complex model.
DISCUSSION
For the past two decades, work in the polymerase field focused
on establishing the identity of the rate-determining step (John-
son, 1993; Showalter et al., 2006; Showalter and Tsai, 2002;
Joyce and Benkovic, 2004). However, the answer to this ques-
tion is not straightforward and does not provide the key to under-
standing specificity. For incorporation of a correct substrate, the
rate determining step appears to be chemistry, but it is the rate of
the conformational change that contributes to specificity, not
the rate of chemistry. Reaction steps leading up to incorporation
of a mismatch are complex, involving thermodynamically unfa-
vorable changes in protein structure leading up to slow chem-
istry. We have addressed the contributions of these changes in
enzyme structure toward specificity with MD simulations and
experimental data.
The simple three-step mechanism shown in Scheme 1
adequately describes the kinetics of nucleotide incorporation
during processive DNA synthesis, because pyrophosphate
release is much faster than chemistry and is largely irreversible.
According to this simplified three-step scheme, the specificity
constant can be derived as
kcat
Km
=
k1k2k3
k2k3 + k1ðk2 + k3Þ;
with correct nucleotide incorporation, k3[ k2, allowing simpli-
fication to yield
kcat
Km
zK1k2
Kmz
k3
K1k2
:
In contrast, during incorporation of a mismatch, chemistry is
slow allowing the conformational change to come to equilibrium.
Accordingly, when k3  k2, the specificity constant reduces to
kcat
Km
zK1K2k3
Kmz
1
K1K2
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Figure 6. DNA Polymerase Active Site and Time Dependence of Motions
(Left) This shows the position of the side chains that are in direct contact with the substrate dNTP, enzyme, or DNA. Dark colors of red, yellow, cyan, and green are
the side chains K70, K66, K219, and R72, respectively, in the closed state. Lighter colors of the same series show positions in open state.
(Middle and Right) Relative distance of pairs during the conformational transition from open to closed is shown as probability densities. Colors in the histograms
show the progress in time in the order red-orange-yellow-green-blue from open to closed states, with green representing the transition state ensemble. (Middle)
The distance distributions are shown when the correct nucleotide (TTP) is bound to the enzyme, or (right) when the mismatch is bound.
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DNA Polymerase Dynamics Select Correct SubstratesTheories that attempt to describe the overall selectivity as
the product of contributions from each step of the reaction
sequence (initial binding, conformational change and chemistry)
are inappropriate. Rather, selectivity, defined as a ratio of kcat/Km
values for correct (c) versus incorrect (i) substrates, is not a
function of the ratio of changes in each step.
ðkcat=KmÞc
ðkcat=KmÞi
=
ðK1k2Þc
ðK1K2k3Þi
s
ðK1Þc
ðK1Þi
$
ðK2Þc
ðK2Þi
$
ðk3Þc
ðk3Þi
Thus, discussions of specificity are confounded by the fact
that different elementary steps govern incorporation of correct
versus mismatched base pairs. For example, one cannot simply
look at factors that affect the rate of chemistry from the closed
state (k3) to determine the molecular basis for specificity.
Although a significant part of the discrimination is due to the
proper alignment of reactive groups and catalytic residues that
facilitates fast incorporation of a correct base, the relatively
slow reverse of the conformational change commits the
substrate to reaction. In contrast, reactive groups are disordered
to slow the rate of incorporation of a mismatch to promote
release of the bound substrate. At this level, it is apparent that
the conformational change plays a critical role in discrimination.
The kinetic and thermodynamic contributions to the specificity
constant for mismatch incorporation can be understood as the
product of the equilibrium constants governing the initial binding
(K1) and conformational change (K2) steps and the rate of chem-
istry (k3). However, understanding the role of the conformational
change in the specificity constant governing correct incorpora-
tion is much more problematic because it is a function of the
weak nucleotide binding (K1) and the rate of the large, complex
change in protein structure (k2).
Our data show that conformational dynamics make important
contributions to the high fidelity of DNA polymerases by624 Structure 20, 618–627, April 4, 2012 ª2012 Elsevier Ltd All rightsproviding a selectivity based upon initial recognition of the
canonical base-pair geometry and structure in theweakly-bound
state and through the transition state of the large, complex
change in enzyme structure. This is reflected in the MD simula-
tions shown here. The molecular details of the conformational
change begin to reveal plausible mechanisms by which the
enzyme senses differences in the bound nucleotide in the transi-
tion state to afford rapid collapse of the structure to the closed
state only in the presence of a correct base pair. The bound
nucleotide does not trigger the conformational change through
allosteric interactions the way an effector triggers a change in
structure by binding to a distal site. Rather, the bound nucleotide
captures a constellation of charged residues to afford rapid
collapse of the structure to the closed state. This capture is
dependent upon proper base pair geometry, which in turn, is
dictated by the proper hydrogen bond interactions and basepair
stacking between the incoming nucleotide and the templating
base (Lee et al., 2008). A network of long-range charge-charge
interactions seen in the transition state rapidly becomes more
highly ordered only with the correct base pair leading to the rapid
collapse to form the closed state.
The initial change in structure to reach the transition state is
rapid and affords fast sampling of the bound nucleotide; that
is, rapid motions in the specificity domain allow the enzyme to
explore the substrate at the active site, probing for key interac-
tions indicating a correctly bound substrate. A correct nucleotide
leads to tight binding and alignment of catalytic residues to
promote catalysis, whereas a mismatched base fails to induce
the formation of the tight binding state, thus facilitating the rapid
opening of the specificity loop and release of the mismatch. Our
results are also highly significant because they reveal the
possible structure of a mismatched base and explain the failure
to obtain crystal structures of any high fidelity polymerase with
a bound mismatch.reserved
Figure 7. Structures along the Reaction Pathway
Sampled images show structures selected from the ensembles of the open, transition (T.S.) and closed states. In the transition state, the charged residues are
within 10 A˚ from the final configuration of the active site and are sufficiently close to make it possible for electrostatic interactions to drive the rapid collapse to
the closed state.
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enzyme structure can be a key determinant of enzyme specificity
and has profound implications for assessing the role of large
conformational changes in enzyme specificity. For example,
within enzyme families, specificity determinants often lie in flex-
ible loops surrounding a conserved catalytic core (Gerlt and
Babbitt, 2001), and loop closure is often a fast step preceding
catalysis (Johnson, 2008). Smaller conformational fluctuations
on a microsecond to millisecond time scale are thought to bring
the reactants to the transition state (Benkovic and Hammes-
Schiffer, 2006; Nashine et al., 2010) to complete the reaction,
but the large, slower conformational changes appear to dictate
specificity in that only the correct substrate induces a rapid
and energetically favorable alignment of catalytic residues to
bring reactants together at the active site.
EXPERIMENTAL PROCEDURES
Experiments
The kinetics of nucleotide binding were monitored by stopped-flow fluores-
cence methods as described (Kellinger and Johnson, 2010; Tsai and Johnson,
2006), except that we used a dideoxy-terminated primer to prevent the
chemical reaction. An enzyme-DNA complex was formed by mixing HIV RT
with the oligonucleotide: 50-GCCTCGCAGCCGTCCAACCAACTCA-30 and
30-CGGAGCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG-50.
The primer was terminated with dideoxyadenosine on the 30 end. The templat-
ing nucleotide is shown in bold font. A fluorescent label on the recognition
domain of HIV RT (MDCC label at position 36C) provided a signal to report
the change in structure from the open to the closed complex. We simulta-
neously fit fluorescence transients observed in the stopped-flow at several
nucleotide concentrations and the results of an equilibrium titration, both
recording the change in fluorescence due to the nucleotide-induced change
in structure from the open to the closed state (Kellinger and Johnson, 2010).
Data were fit globally based upon numerical integration of the rate equations
(Johnson et al., 2009b) according to Scheme 1 (excluding the chemical step)
to derive estimates for the rate constants shown in Table 1. By simultaneously
fitting the binding kinetics and equilibrium titration, we obtained estimates for
the forward and reverse rate constants.Structure 20Simulations
Molecular Modeling
All calculations were performed with MOIL (Elber et al., 1995), accessible for
download from http://clsb.ices.utexas.edu/prebuilt/. The force field used in
the calculation is OPLSAA (Jorgensen and Tiradorives, 1988; Pranata et al.,
1991) for the enzyme. For the nucleic acids, bonded parameters are adapted
from AMBER, while charges and nonbonded parameters are from OPLSAA.
The charges for unprotonated nucleotides were not readily available in
OPLSAA; thus, we computed them by using the ChelpG method (Breneman
and Wiberg, 1990) and the Gaussian03 package (Frisch et al., 2004).
The models of the close and open forms of the enzyme are based on PDB
(Berman et al., 2000) structures 1RTD (Huang et al., 1998) and 1J5O (Sarafia-
nos et al., 1999) respectively; 1J5O was chosen as the best structure of an
open complex, but it contained a mutation, M184V, which we reverted to
wild-type and performed minimization to get the structure of the open state.
The position of a matching nucleotide (TTP) in the closed structure is used
as a starting point to determine the initial positions of TTP in the open state
as well as the position of the mismatch (dATP) in open and closed forms.
The crystal structure contains DNA with a dideoxy-terminated primer. We
added the 30OH computationally and then performed energy minimization.
Simulations of the conformational change require knowledge of the two end
structures. Since an experimental structure for theweak binding of the ligand is
not available, the ligand dNTP was modeled into the open state. One crucial
piece of information is the observation that the dissociation constant for the
initial weak binding of nucleotide depends upon the template base, implying
that adNTP:templatebasepairwas formed in theopenstate.We initially placed
the dNTP at a position in the active site observed in the closed state, and then
equilibrated the geometry and energy of the system for two nanoseconds.
Milestoning Algorithm
In the Milestoning approach for simulating the kinetics and thermodynamics of
a process, the following steps are taken: (1) determine anchor configurations
taken here from a reaction coordinate between the two known end states;
(2) sample configurations associated with interfaces, here we consider hyper-
surfaces orthonormal to the reaction coordinate; (3) generate trajectories
between hypersurfaces and compute the kernelKabðtÞ, which is the probability
density of reaching milestone b for the first time at exactly time t given that
the system was in a at t = 0; and (4) use the kernel in the Milestoning integral
equation (Kirmizialtin and Elber, 2011; Shalloway and Faradjian, 2006;
Vanden-Eijnden et al., 2008; West et al., 2007) to compute the overall rate
and thermodynamics of the system., 618–627, April 4, 2012 ª2012 Elsevier Ltd All rights reserved 625
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To construct a minimum free energy coordinate, we use global path optimiza-
tion of structures with effective solvation (GBSA) (Onufriev et al., 2004). The set
of structures was solvated in a box of water, and a free energy path was
computed. Locally Updated Planes (Ulitsky and Elber, 1990) and the string
algorithms (Weinan et al., 2002) were used. Each image along the reaction
coordinate is initially obtained by minimization in the plane that is normal to
the current estimate of the reaction coordinate (Czerminski and Elber, 1990;
Olender and Elber, 1997). We refine the minimum energy to minimum free
energy path by quenching the average force orthogonal to the path with the
coupled differential equations:
dZi
dt
=  VZi hUi

1 xixti

ci;
where x is the path slope (estimated by finite difference xizðZi +1  Zi1Þ=
jZi + 1  Zi1j) and Zi is the subset of coarse variables from the i-th image along
the reaction coordinate Xi. The right-hand side defines the average potential
gradient projected to the hypersurface orthonormal to the reaction coordinate
when dZi=dtx0 ci, a minimum free energy path, is obtained. In practice, the
above path was solved using iterative averaging of the path as described in
Vanden-Eijnden and Venturoli (2009).
The coarse variables are all alpha carbons of HIV RT and heavy atoms of
the fingers domain (residues 1–85 and residues 115–150). The configurations
constrained to the hypersurfaces orthogonal to the reaction coordinate were
sampled for about 2 ns. During the simulations, we updated the xi every 5 ps.
Theprocedure is repeateduntil thepath converges.Asaconvergence criterion,
wemonitor the norm of the difference between two consecutive plane updates
n, CðnÞ=PikZni  Zn1i k. The process terminates when CðnÞ<104A.
Milestoning
The images Zi are used to define Milestones, which are interfaces normal to
and distributed along the reaction coordinate (see also Elber and West
[2010] and West et al. [2007]). About 300 sampled points at each interface
are used in 85 milestones to estimate the elements of the kernel KbaðtÞ. If
the number of trajectories launched from Milestone b is nb and the number
of trajectories that reach Milestone a from b between times t and t+dt is
nbaðtÞ, then the kernel is KbaðtÞdtynbaðtÞ=nb.
The kernel is used in the Milestoning equations for the local fluxes, qa
qaðtÞ=pað0Þd

t  0+ +
Z t
0
X
b
qbðt0ÞKbaðt  t0Þdt0:
This equation is solved analytically (Kirmizialtin and Elber, 2011; Shalloway
and Faradjian, 2006; Vanden-Eijnden et al., 2008; West et al., 2007) to obtain
the stationary distribution paðNÞ as well asmoments of the mean first passage
time htnih RN0 tnqf ðtÞdt, where f is the final Milestone with a flux to products.
We have hti=p$ðI KÞ1hti, where p is the vector of initial conditions, I is
the identity matrix, K is the kernel matrix with elements ðKÞba =
RN
0 KbaðtÞdt,
and < t > is a vector with elements htib =
RN
0 t
P
aKbaðtÞdt which is the average
life time of Milestone b.
To generate the equilibrium ensemble of conformations at each Milestone,
we use constrained molecular dynamics as described in West et al. (2007).
The equations of motion are integrated with a 0.5 fs time step. We prepare
a canonical ensemble that consists of 2,400 points at eachmilestone by gener-
ating a 0.6 ns trajectory and recording conformations every 0.25 ps.
Molecular Dynamics Simulation Procedure
After the initial guess for the reaction coordinate was constructed, the config-
urations were solvated and equilibrated. Each configuration along the reaction
coordinate (including the two end structures) was solvated with 40,300
TIP3P water molecules (Jorgensen et al., 1983) in a periodic rectangular
box. The overall system size is 108.5 3 108.5 3 118.5 A˚3, and it consists of
about 135,000 particles. To ensure system neutrality and mimic experimental
conditions, 27 Mg2+ and 15 Cl ions were added to the simulation box. The
geometry of the water molecules was fixed with a matrix variant of SHAKE
(Ryckaert et al., 1977; Weinbach and Elber, 2005). Particle Mesh Ewald was
used for long-range summation of electrostatic forces. The grid size was
64 A˚ in each direction. Velocity scaling kept the temperature constant during
configuration sampling. Newtonian trajectories are used to estimate the values
of the transition kernel.626 Structure 20, 618–627, April 4, 2012 ª2012 Elsevier Ltd All rightsMean First Passage Time and Stationary Distribution
The sampled configurations in each of the milestones are used to launch
unconstrained simulations (Elber, 2007; Elber and West, 2010; Kirmizialtin
and Elber, 2011; Ma´jek and Elber, 2010; West et al., 2007). Velocities are as-
signed from Maxwell distribution at 310 K. The trajectories are integrated
first backward in time to check if they are sampled from a first hitting point
distribution (FHPD) (Kirmizialtin and Elber, 2011; Ma´jek and Elber, 2010). If
they hit the same Milestone they started from, they are not sampled from
FHPD and are removed from the set. Phase space points that pass the test
are integrated forward in time until they hit another Milestone. About 300
first hitting points are used in each milestone to estimate the elements of the
kernel KbaðtÞ.
The kernel is finally used in the Milestoning equations (Kirmizialtin and Elber,
2011; Shalloway and Faradjian, 2006; Vanden-Eijnden et al., 2008; West et al.,
2007) to obtain the stationary distribution paðNÞ as well as mean first passage
times <t>.
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